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Introduction
Trophic cascades, or indirect positive effects of predators on primary producers, are a dominant paradigm in our Am. Nat. 2015. Vol. 185, pp. 354-366 . ᭧ 2015 by The University of Chicago. 0003-0147/2015/18503-55590$15.00. All rights reserved. DOI: 10.1086/679735 understanding of ecosystem structure and function (Hairston et al. 1960; Hrbacek et al. 1961; Paine 1980; Carpenter et al. 1985; Terborgh and Estes 2010) . Through trophic cascades, basal resource production can be regulated not only by nutrient limitation but also by top-down control. By linking diversity and abundance across trophic levels, trophic cascades play an important role in mediating changes in the structure and function of ecological communities. For example, trophic cascades can determine the ecosystem-scale consequences of predator extinction (Estes et al. 2011) , influence biogeochemical cycles and greenhouse gas dynamics (Wilmers et al. 2012; Atwood et al. 2013; Strickland et al. 2013) , and naturally reduce pest abundance and increase agricultural yields (Costamagna et al. 2007) .
Although predators often influence the structure and function of the ecosystems they inhabit (Estes et al. 2011 ), a number of studies have failed to observe a change in primary productivity or plant biomass following predator removal in both terrestrial (Meserve et al. 2003; Maron and Pearson 2011) and aquatic (Elser et al. 1998) systems. Furthermore, the strength of a trophic cascade can vary with environmental conditions and species composition and diversity (Polis 1999; Chase 2000; Frank et al. 2006; Shurin et al. 2006; Barton et al. 2009; Kratina et al. 2012; Tunney et al. 2012; Burkepile 2013) . Such variation in the strength or occurrence of trophic cascades fosters debate as to their ubiquity (Laws and Joern 2013) . Identifying the drivers of this variation may explain and help anticipate when the loss of top predators will have ecological consequences. This knowledge is of immediate importance because predators are particularly imperiled in the contemporary world (Ripple et al. 2014) .
Body size is a major driver of the strength of consumerresource interactions due to the influence of size on energy requirements and the way body size influences gape size, detection limits, and other aspects of prey detection and selection (Yodzis and Innes 1992; Emmerson et al. 2006; Vucic-Pestic et al. 2010; DeLong and Vasseur 2012a; Pawar et al. 2012) . Considering this relationship between body size and interaction strengths in consumer-resource interactions, it seems reasonable to expect that body size relationships may play a vital role in setting the strength of top-down control. Current evidence suggests that larger predators appear to impose stronger top-down control, allowing greater release of autotrophs from herbivory (Borer et al. 2005; Jochum et al. 2012; Simonis 2013) , but the mechanisms behind this pattern are not well understood. One allometric food chain model predicts that the strength of trophic cascades should not be influenced by predator size alone but rather by predator-prey size ratios . Yet the effect of predatorprey size ratios on interaction strengths appears inconsistent, sometimes showing a positive correlation or no correlation with body size ratio (Emmerson and Raffaelli 2004; Emmerson et al. 2006 ) and other times peaking at intermediate ratios (Vucic-Pestic et al. 2010) . It is also possible that the observed effect of predator size or size ratio on the strength of trophic cascades is confounded with habitat type if predator body size varies among habitats. Thus, a mechanistic theoretical framework is needed to determine how predator body size per se influences the strength of predator-prey interactions and, therefore, the strength of a potential trophic cascade, independent of other factors. This framework must begin with a general understanding of what sets the strength of a trophic cascade.
In this study, we use consumer-resource models to explore the strength of trophic cascades. We derive a new expression for the strength of a trophic cascade and use it to address two primary questions. First, how do interaction strengths (defined as the ratio of a species' abundance without a consumer to the abundance with a consumer) influence the strength of a trophic cascade? Second, how does predator body size alter the strength of trophic cascades? Our results suggest that the source of the body size dependence of trophic cascades is the body size dependence of lower trophic interactions. Our model paves the way for explicit tests of our theory in predicting the strength of a trophic cascade across body size, temperature, and other gradients.
Methods

Deriving a Dynamic Model for a Trophic Cascade
Consider a three-trophic-level food chain where a basal resource (R; typically an autotroph, although in many aquatic and soil systems it could be a heterotroph) is consumed by a consumer (C), and the consumer is eaten by a predator (P). Following Borer et al. (2005) , we define a trophic cascade (TC) as the ratio of the equilibrium abundance of the basal resource when occurring with its consumer and a predator ( ) to the equilibrium abundancê R 3 of a resource when occurring only with its consumer ( ):
( 1 ) R 2 Shurin and Seabloom (2005) used a similar but inverse definition of a trophic cascade. A higher value of TC indicates a stronger indirect effect of predators on basal resource abundance. The subscripts define the length of the trophic chain at which the equilibrium is calculated. We then define a three-trophic-level food chain using a Lotka-Volterra model with logistic growth in the resource: 
where r is the growth rate of the basal resource species and K is its carrying capacity. The consumers (parameters with a subscript c) and predators (parameters with a subscript p) clear space of their prey at rate a (i.e., area of capture or attack efficiency), convert prey into new consumers with efficiency e, and die at intrinsic mortality rate m (all parameters and units are described in table 1). In the main text, we develop models with type 1 functional responses because they are mathematically more tractable, and in the appendix (available online) we develop and parameterize an analogous model with a type 2 functional response to explore when these different functional responses alter model predictions. The type 1 functional response provides accurate depictions of the body size scaling of abundance (DeLong and Vasseur 2012a, 2012b; appendix), and we therefore restrict our main discussion to equations (2)-(4). This is a simplified community module and is not intended to fully represent complex food webs (Polis and Strong 1996) . The equilibrium resource abundance can be obtained Note: For simplicity, intercepts in the allometric relationships are given as lowercase Latin letters subscripted with 0, and all exponents are given by their closest Greek counterparts. Fitted parameters ‫%59ע(‬ bootstrapped confidence intervals) are shown for intercepts and exponents averaged from ordinary least squares and reduced major axis regressions. from equation (2) and is , where
the equilibrium consumer density in the three-trophiclevel model. Substituting this into equation (1) giveŝ
From equation (2), we find that the equilibrium consumer density in the absence of the predator iŝ
Equation (6) shows how a trophic cascade is composed of interacting effects of the equilibrium abundance of the consumers and the resource species. This same structure arises when a saturating type 2 functional response is used (appendix).
Modeling a Trophic Cascade in Terms of Constituent Interaction Strengths
Equation (6) gives an explicit definition of a trophic cascade in terms of the equilibrium abundances of the consumer and basal resources. The ratio of equilibrium abundances of a particular species with and without its consumer reflects underlying dynamics of per capita resource use rates that drive the strength of the overall indirect interaction. This abundance ratio is a common definition of interaction strength among trophically linked populations (Berlow et al. 2004; Wootton and Emmerson 2005) , and we can use this to simplify the model and increase our mechanistic understanding of trophic cascades. We define the interaction strength between the first and second trophic levels as and thêˆÎS p R /R p K/R 12 1 2 2 interaction strength between the second and third trophic levels as . Substituting into equation (6)ÎS p C /C 23 2 3 and simplifying yields an expression for the strength of a trophic cascade that is equivalent to equation (6) but expressed in terms of interaction strengths (IS):
12 IS 23
The top-down effect of predators can cascade across more than three trophic levels in natural ecosystems (Estes et al. 1998) . To extend our approach to these longer food chains, we assessed how defining a trophic cascade as 
Equilibrium abundance of resource in one-trophic-level food chain
Equilibrium abundance of consumer in three-trophic-level food chain
Interaction strength between trophic levels 1 and 2 K eaK c c IS p p dictions. We simplify this extension by assuming that mortality of a consumer due to factors other than predation (m c ) is much lower than that caused by predation, so that for all intermediate trophic levels. With this as-m ≈ 0 c sumption, in all chains with three or more trophic levels the equilibrium density of the resource iŝ
where n is the length of the food chain. Noting that the equilibrium abundance of the predator , wêP p e a R /a 3 c c 3 p can substitute into the expression for ,ˆâ /e a p R /P R p c c 3 3 n and the trophic cascade expression becomes TC p , orˆˆR
In a three-level food chain, this expression reduces to equation (7) because . Thus, in any food chain witĥP p P n 3 more than three levels, the net effect of predators above the predator in trophic level 3 is to modify the strength of the trophic cascade relative to what is set by IS 12 and IS 23 , allowing for the different effect of odd-and evenlength food chains on the trophic cascade. This is also why there is no effect of predator abundance in equation (7), as it matters only when it is modified by trophic interactions at higher levels.
Modeling the Body Size Dependence of the Strength of the Trophic Cascade
We have now deconstructed the strength of a trophic cascade into its component parts and shown how interaction strengths along the food chain influence the strength of the overall trophic cascade. We now address question 2: how does body size influence the strength of trophic cascades? This question is motivated by the empirical work of Borer et al (2005) , Jochum et al. (2012) , and Simonis (2013). We will focus on cross-species variation in body size, although similar body size-dependent processes may occur for predators that alter foraging behaviors as they grow in size (Simonis 2013) . We model each equilibrium abundance in equation (6) with size-based expressions described in tables 1 and 2, as has been done previously in other allometric consumerresource models (Yodzis and Innes 1992; Weitz and Levin 2006; DeLong and Vasseur 2012a, 2012b; Pawar et al. 2012) . In short, each parameter in the food chain model can be written as a power law function of resource, consumer, or predator body size (table 1). The intrinsic rate of growth and carrying capacity are functions of resource body size (M r ), while the remaining parameters are functions of consumer (M c ) and predator (M p ) body size.
An important step is to link the size of the predator with the size of the consumer and the resource via an additional power law function describing prey size selection (table 1) . This is accomplished by recognizing that predators consume individuals within a certain size class (Brose et al. 2006; Barnes et al. 2010; Riede et al. 2011; DeLong and Vasseur 2012a, 2012b) , which means that the body size of the basal resource can be modeled as a function of the consumer's body size. Here, we do this with a power function:
. Likewise, we model the body size at one trophic level to body size at another are powerful in that they allow all of the parameters of one trophic level to be rescaled relative to a change in body size in the other trophic level. For example, resource-carrying capacity (K ) is related to the body size of the basal resource but can be reexpressed in terms of the predator's body size (DeLong and Vasseur 2012a, 2012b) . We use this relationship to show how trophic cascades, which are dependent on interactions between all consumer-prey pairs (eq. [7]), can be expressed in terms of predator body size. Predator body size is thus a proxy for the body size of the entire trophic chain, allowing us to compare trophic cascades in chains composed of large organisms to those in chains composed of small organisms. For simplicity, we assume that the allometric functions for area of capture, conversion efficiency, mortality rate, and prey size selection have the same allometric slope and intercept for the consumer and the predator. This assumption is plausible in many situations, such as when food chains consist of taxa that are related (we demonstrate that this is true for protists below), but other cases may produce different outcomes (see "Discussion"). Rather than writing out the full TC as a function of body size, we calculate the body size dependencies of the equilibrium abundances and the two interaction strengths from which the trophic cascade can be calculated (table  2) . We show that IS 12 is expected to change with predator body size whenever , whereas IS 23 is ϩ a ϩ kW ( m expected to change only if and . This W ( 1 ϩ a ( m last inequality also implies that unless carrying capacity is independent of body size (i.e., ), TC must change k p 0 as a function of body size. It should be noted that although the equilibrium abundances can be written as power law functions of the size of the predator, equation (7) shows that the overall trophic cascade only approaches a power law function of the predator's body size as the strength of IS 23 increases.
Two Empirical Case Studies in Size-Structured Trophic Systems
To identify which trophic cascade component contributes to the overall body size dependence, we parameterized our model using two independent families of scaling parameters. The first is a set of "canonical" parameters, which are thought to hold generally for many groups of organ-isms. Although the canonical scalings may be broadly applicable, it is unknown whether any specific set of food chains actually displays these exact parameter scalings and whether the net effect of body size on the trophic cascade might differ from these canonical expectations. We therefore assembled a second set of parameters from empirical data for protist-protist-algae food chains. For both case studies, we calculate the strength of a trophic cascade across a range of body sizes given the body size dependence of all parameters. We emphasize that we are not testing our model with these scalings but rather are using them as inputs to our model to explore how the body size dependence of trophic interactions can influence the strength of trophic cascades.
Case Study 1: Canonical Scaling Parameters
Because values of the allometric scaling exponents may vary widely (table 1) , we used a set of standard expectations that we refer to as canonical scaling parameters. Across many species, the scaling exponent for prey size with predator size (w) is ≈1 (Brose et al. 2006) , meaning that the ratio of predator to prey body size remains constant even as body sizes increase. The scaling of area of capture (a) has been thought to parallel that of metabolic rate so that intake rates keep pace with metabolic requirements, suggesting (Yodzis and Innes 1992) . Mortality a ≈ 0.75 rates generally scale as (McCoy and Gillooly m ≈ Ϫ0.25 2008), and the scaling of population abundance is often (Damuth 1981) . Finally, the scaling of efficiency k ≈ Ϫ0.75 () has not been empirically determined across a wide range of sizes, but because it depends on the ratio of resource size to consumer size it will be 0 when the scaling exponent for prey size with predator size is 1 (Weitz and Levin 2006; DeLong 2011; Pawar et al. 2012 ). We do not assess the effect of potential error in these scaling parameters because the parameters do not apply to any specific group of organisms and because error distributions for the canonical expectations are unknown.
Case Study 2: Algae, Grazing Protists, and Carnivorous Protists
We collated observations on all the parameters composing the food chain model for carnivorous protists consuming protists that graze algae (data are available from the Dryad Digital Repository: http://dx.doi.org/10.5061 /dryad.74854; DeLong et al. 2014a). For trophic levels 1 and 2, we used existing data on the body size dependence of protists grazing on algae that included observations on 44 pairwise interactions (DeLong and Vasseur 2012b). We then assembled a new data set for trophic levels 2 and 3 by including carnivorous protists feeding on other
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igure 1: Mechanistic depiction of a trophic cascade as formalized in our model. Circle size denotes relative equilibrium population abundances of the resource (green), consumer (blue), and predator (red), and darkness of arrows denotes trophic interaction strength (IS; darker arrows represent stronger IS). In a two-species food chain (top), the interaction strength between the resource and the consumer (IS 12 ) is the ratio . As the equilibrium abundance of the con-K /R 2 sumer ( ) declines, the equilibrium abundance of the resourcê C 2 ( ) moves back toward carrying capacity (K ). In a three-specieŝ R 2 food chain (bottom), the interaction strength between the predator and the consumer (IS 23 ) is the ratio . As this ratio gets larger,Ĉ /C 2 3 moves closer and closer to K. Thus, the potential strength of thê R 3 trophic cascade is set by IS 12 , and the degree to which that potential is reached is set by IS 23 .
protists. We identified studies for the carnivorous protist data set by searching Google Scholar for various combinations of "protist," "functional response," and specific genera of carnivorous protists. We also searched the references of other studies of functional responses of protists and the websites of researchers specialized in protist foraging ecology. Last, we perused papers on the foraging ecology of protists where additional such data might exist but not be locatable with a keyword search. This search produced data on 18 pairwise interactions for carnivorous protists (Laybourn 1976; Hewett 1980; Rogerson 1981; Verity 1991; Jeong et al. 2004 Jeong et al. , 2007a Jeong et al. , 2007b DeLong et al. 2014b ). Data on functional response pa-rameters were used as reported if a functional and/or numerical response was fit to foraging data in units of individuals (i.e., as opposed to amounts of carbon). Otherwise, data were digitized, converted to the appropriate units, and refit using ordinary least squares (OLS) regression in Matlab (ver. 2012b). We assumed that the area of capture parameter (a) from a type 2 functional response is a reasonable approximation to that for a type 1 functional response because it reflects the rising, linear part of a functional response. In combination, these scaling data allow us to assess the body size dependence of IS 12 (protists grazing algae) and IS 23 (carnivorous protists consuming grazing protists). With these new estimates, we can predict the strength of trophic cascades for protists as a case study, although empirical observations to test these predictions are not available. Data on algae growth rates are from Tang (1995) , and those on algaecarrying capacity are from DeLong and Vasseur (2012b).
Following DeLong and Vasseur (2012a, 2012b), we used both OLS and reduced major axis regression (RMA) to determine the body size dependence of all underlying model parameters. We averaged the parameter estimates from both approaches because OLS regression assumes that body size (the independent variable) is both controlled and known, whereas RMA assumes that the error in the dependent and independent variables are the same by minimizing perpendicular deviations of data from the best-fit line. The real scaling parameters lie somewhere between the parameters produced by OLS and RMA fitting approaches because rate measurements likely have more error than size measurements; therefore, we take the average of the two fitting procedures. We used a bootstrapping procedure (DeLong and Vasseur 2012a) to assess the scaling of each parameter with 10,000 samples with replacement to get the median scaling estimate (50% quantile) and the 95% confidence intervals (2.5% and 97.5% quantiles). We first assessed the scaling parameters for grazing and carnivorous protists separately; as they were not statistically different (95% confidence intervals overlapped in all cases), we fit the data for all protists together (table 1) .
We used a full uncertainty analysis with the bootstrapped distributions for each parameter to assess the body size dependence of the equilibrium abundances of the consumer and the resource in both the two-species and the three-species model. That is, we randomly drew parameters from each parameter's bootstrapped distribution 1,000 times for each of a range of body sizes and then used the median along with the 2.5% and 97.5% quantiles of the resulting distributions to determine the confidence intervals. , and the bottom row shows empirical body size dependence (with 95% confidence intervals [gray areas]) for protist food chains. The interaction strength between trophic levels 1 and 2 (IS 12 ) is shown in A and D, the interaction strength between trophic levels 2 and 3 (IS 23 ) is shown in B and E, and the trophic cascade strength, which is a function of IS 12 and IS 23 , is shown in C and F. Both sets of parameters show a clear size dependence of trophic cascades that is generated mostly in IS 12 .
Results
Theoretical Consequences of Modeling Trophic Cascades in Terms of Interaction Strengths
Equation (7) shows that the strength of a trophic cascade depends on two aspects of the three-species interaction ( fig. 1 ). First, an upper limit to the strength of the trophic cascade is set by the interaction between the resource and the consumer (IS 12 ). This makes intuitive sense because the resource in the presence of a predator cannot rebound beyond its original carrying capacity:ˆTC p R /R ≤ 3 2
. The trophic cascade approaches the upper limit aŝ K/R 2 the interaction strength between the consumer and predator (IS 23 ) gets large, reducing the size of the second term in equation (7). This means that the more the predator reduces the consumer's abundance, the more the resource can increase toward its carrying capacity (fig. 1) . The lower limit to the trophic cascade is 1, and this occurs when either of the interaction strengths reduces to 1 (i.e., when a predator does not affect the resource). Thus, the strength of a trophic cascade occurs in the interval .
Sensitivity of the Trophic Cascade Strength to Size for Systems with Canonical Scaling Parameters
Given canonical scaling parameters (table 1), we expect that IS 12 in a three-trophic-level system scales with predator body size with a one-fourth power: fig. 2A) . In contrast, IS 23 will be . 2B) . Thus, as a constant in the scenario where canonical values apply, IS 23 can modify the body size dependence set by IS 12 but is itself not affected by the size of the predator (fig. 2C ). This suggests that the body size dependence of trophic cascades arises primarily in the interaction between resource and consumer. 
Sensitivity of the Trophic Cascade Strength for Protists and Algae
Body size was a good predictor of protist and algae parameters ( fig. 3; table 1 ). All consumer and resource equilibrium abundances declined with body size of the predator ( fig. 4) . It is the difference in the slopes of these abundance relationships that drive the body size dependence of interaction strengths, since they are defined as the ratio of abundances ( and ). For protists, wêK/R C /C 2 2 3 predict the interaction strength between the consumer and resource (IS 12 ) will increase with predator body size. The slope of the body size dependence is somewhat shallower than the canonical prediction given above ( fig. 2D) . In contrast to the case with canonical parameters, there is a very slight dependence of the IS 23 on predator body size in protists ( fig. 2E ). Because IS 12 and IS 23 are both dependent on predator body size in protists, there is also a significant positive relationship between predator body size 2F ). Thus, for both the canonical scalings and those determined for a large data set derived from real organisms, the strength of a trophic cascade is predicted to have a significant positive dependence on the size of the top predator, an effect that is generated primarily by the body size dependence of IS 12 .
Discussion
Trophic cascades play an important role in transmitting the consequences of human-induced loss of top predators on ecosystems (Terborgh et al. 2001; Estes et al. 2011; Wilmers et al. 2012) . The strength of the trophic cascade determines the amount of basal resource reduction by consumers when top predators are removed. Our results are consistent with previous empirical work and suggest that food chains with larger predators (and thus larger consumers and primary producers; Brose et al. 2006 ) may experience stronger trophic cascades than food chains with smaller predators. This suggests that the loss of large pred-ators should have greater consequences for ecosystems than the loss of smaller predators in otherwise similar systems. Borer et al. (2005) found a body size effect on trophic cascades across marine and terrestrial systems as well as vertebrate and invertebrate taxa, suggesting that body size is an important factor despite the high variation caused by these additional factors. The types of changes that occur following the removal of large predators, such as wolves (Ripple and Beschta 2012) , cod (Frank et al. 2005) , orcas (Estes et al. 1998) , and sharks (Myers et al. 2007) , suggest that there are substantial consequences of their removal. In contrast, empirical studies as well as our theoretical work suggest that smaller predators generate weak or no trophic cascades (Elser et al. 1998; Meserve et al. 2003; Maron and Pearson 2011; Laws and Joern 2013) . Given the generally higher risk of extirpation for largebodied organisms (Davidson et al. 2009; Ripple et al. 2014) and the increased sensitivity of large-bodied species to functional extinction (Säterberg et al. 2013) , this effect may be important in driving ecological responses to anthropogenic disturbances.
Our findings provide an important mechanistic explanation of size-structured trophic cascades: the potential for top-down control is set by the interaction strength between the first and second trophic levels (van Veen and Sanders 2013), and the magnitude of this effect depends on the interaction strength between the second and third trophic levels ( fig. 1 ). On the surface, this result appears counterintuitive-how would a larger predator increase a trophic cascade through its effect on consumer-resource interactions that occur when the predator is absent? Our results show that this occurs because larger predators eat larger consumers, which in turn eat larger resources. This matching of body sizes across trophic levels was evident in our data ( fig. 3 ) and has been shown to hold generally across species and ecosystems (e.g., Brose et al. 2006; Barnes et al. 2010) . Importantly, the scaling of consumer to resource body sizes generates greater interaction strengths at larger consumer and resource sizes, causing trophic systems with larger body sizes overall to experience larger trophic cascades. These findings depend on the body size dependence of the underlying parameters, which could take on different slopes in different systems. The similarity of the outcomes for a fully parameterized taxonomic system (protist and algae parameters) and the broad scalings expected for many taxa (canonical parameters) suggest that these patterns may hold up. Nonetheless, in systems without strong size-structured foraging relationships (such as mammals grazing in grasslands), body size may influence the strength of trophic cascades differently or not at all. Such cases remain to be found.
The predictions we make with our two sets of empirical parameters cannot yet be tested directly because there are no empirical data available to evaluate the body size dependence of trophic cascades in protists or any other specific group. For this, data on the abundance and body size of all species in a trophic cascade would be required, with explicit information on variation in body size across a gradient of predator body size. Nonetheless, our results indicate that the body size dependence of trophic cascades found in the meta-analysis of Borer et al. (2005) primarily arose through the body size dependence of the impacts of consumers on their resources (IS 12 ), with a smaller contribution from the size dependence of predator suppression of consumers (IS 23 ).
Differences between the strength of marine and terrestrial trophic cascades (Shurin et al. 2006 ) could be related to body size in multiple ways. First, differences could arise if systematic differences exist between these two habitats with respect to body sizes or the relationship between predator body size and the size of prey that can be consumed. However, differences in body size might be important only if all the underlying allometric scaling parameters are equivalent across habitats. Second, systemwide differences in interaction strengths, in particular IS 12 , could alter the strength of the trophic cascade via several underlying parameters, including carrying capacity, predator mortality rate, area of capture, and conversion efficiency (see tables 1, 2). Clearly, systematic aggregate differences in the predator-prey interactions among ecosystems need to be assessed (Gilbert et al. 2014) and are likely to arise due to taxonomic and metabolic differences between habitats , stoichiometric nutritional quality (Elser et al. 2000; Hall et al. 2007) , and predatorprey size ratios Brose et al. 2006 ). Finally, differences in food chain length (Hairston and Hairston 1993) , especially when related to the size of the top predator, could alter the strength of trophic cascades across habitat types.
Recently, Pawar et al. (2012) showed how the dimensionality of the searching environment could alter the area of capture scaling as the units of this parameter change from area per predator per time to volume per predator per time. Thus, we might expect the canonical scalings to vary with searching dimensions. In 2-D environments the body size scaling for area of capture is estimated to be 0.63, and in 3-D environments it is estimated to be 1.03 (Pawar et al. 2012 ), suggesting that the body size dependence of a trophic cascade should be reduced in 2-D relative to 3-D environments. The body size dependence for the interaction strength between the first and second trophic levels (IS 12 , where the body size dependence of the trophic cascade lies in the canonical scenario) is thus predicted to be 0.13 in 2-D environments versus 0.53 in 3-D environments. However, the scaling of resource abundance, a proxy for carrying capacity, also may change with dimensionality, shifting from Ϫ0.76 in 2-D to Ϫ1.12 in 3-D (Pawar et al. 2012) . For example, phytoplankton abundance tends to scale close to linearly with their cell size in both experimental and field settings (DeLong and Vasseur 2012b; Huete-Ortega et al. 2012) . These shifts change the scaling of IS 12 to 0.13 in 2-D and 0.16 in 3-D. Therefore, a simultaneous change in area of capture and carrying capacity may negate the overall effect of dimensionality on the trophic cascade, although more work is needed to clarify these effects. In any case, stronger cascades in benthic freshwater and marine habitats (2-D) than in their pelagic counterparts (3-D; Micheli 1999; Shurin et al. 2002) suggest that other environmental factors may override the dimensionality effects.
This also brings up the interesting possibility that intercepts and slopes of the underlying parameter scalings may vary across trophic levels. Shifts in the scaling exponents or intercepts across trophic levels may occur when, for example, endotherms are foraging on ectotherms, such as birds eating insects (Dell et al. 2014) . Greater similarities may exist in food chains that include similar taxa across levels, as we showed with protists, but also perhaps in planktivorous and carnivorous fish or invertebrate food chains. Fully parameterizing our model for such scenarios, as we have done with protists, requires more data than are usually available for diverse taxa, although it seems likely that additional data sets could be generated for carnivorous fish, mammals, or insects. In addition, there may be challenges in parameterizing our model for trophic interactions where organisms are not consumed whole and so the link between consumer size and resource size is less clear (e.g., herbivorous mammals). Nonetheless, we can illustrate how such changes could arise. For example, different predator taxa of the same size may consume, on average, larger or smaller prey, shifting the prey size selection functions and altering the strength of the trophic cascade. In this scenario, raising or lowering the parameter s 0 relative to the expected value will alter both IS 12 and IS 23 and change the strength of the trophic cascade (see table 1 ).
Our analysis uses classical predator-prey models that do not consider the potential behavioral or physiological changes that are induced in prey by the presence of predators (e.g., Creel et al. 2007 ). Further changes due to body size could arise if there are systematic changes in the degree to which fear induces demographic responses in prey. For example, if predation risk induces prey defenses, then the area of capture parameter may be depressed relative to the size-based expectation (a 0 declines), lowering interaction strengths and the strength of either the potential for a trophic cascade (if affecting IS 12 ) or its realization (if affecting IS 23 ). Because predation risk tends to push demographic rates in the same direction as actual predation (Zanette et al. 2011) , this effect could be strong. It may be particularly important for the reintroduction of predators if prey have developed altered life histories in the predator's absence. Similarly, the degree to which other indirect effects have a body size component, such as nutrient subsidies (Croll et al. 2005) , could further alter our expectations of how body size influences trophic cascades.
Our framework can also be used to assess the temperature dependence of trophic cascades. Although trophic cascades may strengthen with temperature (Barton et al. 2009; Hoekman 2010; Harley 2011; Kratina et al. 2012) , given the effects that temperature may have on the underlying parameters (Dell et al. 2011 (Dell et al. , 2014 and interaction strengths (Gilbert et al. 2014) , the temperature dependence of a trophic cascade is likely to be system specific and context dependent (Laws and Joern 2013) . Increases in the underlying parameters for ectotherms could raise the intercepts of the parameter scalings, resulting in a stronger trophic cascade. Furthermore, shifts in the scaling relationship between predator and prey body size with temperature may alter the size dependence of the trophic cascade (Gibert and DeLong 2014) . In addition, because model parameters depend on both temperature and body size and because body size responds to both temperature and resources (Kimmance et al. 2006) , one might expect a "parameter cascade" due to long-term changes in temperature.
In conclusion, we have shown that allometric predatorprey models can be used to predict the body size dependence of trophic cascades, although explicit testing of model predictions is still required. Our results suggest that generally-and specifically for food chains of protiststhe strength of a trophic cascade should increase with the size of the top predator. This effect is generated mostly by the body size dependence of the interaction strength between the first and second trophic positions (IS 12 ). Trophic cascades are widespread but highly variable in their strength (Pace et al. 1999; Schmitz et al. 2000; Shurin et al. 2002) . With an understanding of how other processes (e.g., temperature) influence the underlying parameters, our approach could be extended to gain further insights into variation in trophic cascades across ecosystems, with key environmental gradients or under a variety of evolutionary scenarios involved in predator harvest, body size evolution, and productivity changes. These developments represent a key advance in our ability to understand and anticipate the ecosystem consequences of variation in predator size.
